Summary. The amount of carbohydrate released at 1 and 5 h by digestion in vitro of 2 g carbohydrate portions of 14 foods by human digestive juices was compared with the area under the 2-h blood glucose response curve when 50 g carbohydrate portions were fed to groups of five to ten healthy volunteers. A significant relationship was found between the amounts of sugars and oligosaccharides liberated at 1 and 5 h and the food blood glucose area expressed as a percentage of the blood glucose area for 50 g glucose (r = 0.8627 and 0.8618,p < 0.001). A significant relationship was also found between the glycaemic index and the food fibre content (p < 0.02) and between the glycaemic index and the glucose trapping capacity of the foods (p < 0.05). Legumes as a group liberated 56% less sugars and oligosaccharides (p < 0.01) than the eight cereal foods over 5 h. It is suggested that such studies in vitro may help to identify food of use for diabetic patients, and at the same time throw further light on factors which affect post-prandial glycaemia.
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The possibility that diabetic control might be improved by altering either the nature or the amount of carbohydrate foods eaten has received considerable attention [1] [2] [3] [4] [5] [6] . Much of the experimental work has focussed on differences in the nature of the starch source [7] or the effects of altering the fibre content of the food [8] [9] [10] .
It has been suggested that the improvement in meal tolerance and diabetic control results from a reduction in the rate of carbohydrate absorption [5, 9] . Initial studies with viscous forms of dietary fibre suggested that this may be a consequence of delayed gastric emptying [11, 12] . However, recent preliminary studies involving digestion in vitro of three foods demonstrated that the two which raised the blood glucose levels least after feeding in normal or diabetic volunteers were those which released their carbohydrate products most slowly on incubation with human digestive juices [13] .
To see whether the rate of digestion correlated with the post-prandial blood glucose levels after eating, a wider range of foods (n = 14) were selected from those previously tested in normal volunteers [14] . The rate at which they released their products of digestion in vitro was compared with the degree to which they raised the blood glucose level of normal volunteers.
Methods

Testing in Vitro
Carbohydrate portions (50 g) [16, 17] of instant mashed potatoes (Winfield, W H Woolworth, London), sweet potatoes, white and brown rice, white and wholemeal spaghetti, buckwheat, millet, oats, kidney beans, soya beans, lentils and marrowfat peas were cooked by boiling in a minimum of water with 2 g salt.
Carbohydrate equivalents of each food (2 g), ground to a smooth paste in a pestle and mortar, and finely crumbed wholemeal bread were mixed separately with 2.5 ml of fresh pooled human saliva. To this was added 7.5 ml of pooled human post-prandial jejunal juice obtained from individuals with normal pancreatic function (Lundh test aspirates with mean tryptic activity > 15 IU/1) which had been aliquoted and stored at -20 ~ C.
To ensure that the final volume of each food-enzyme mixture was the same, the volumes were adjusted to 30 ml by addition of distilled water. This figure was chosen since it was the volume of the soya beans with 10 ml of digestive enzymes added. The mixtures were stirred well and placed in dialysis bags made of13 cm strips of dialysis tubing (Visking' size 9-36/32", Medicell International, London). Each bag was suspended in separate stirred water baths containing 800 ml distilled water at 37 ~ C. Aliquots of dialysate 0012-186X/82/0022/0450/$01.20 were taken at 1 and 5 h for analysis of glucose, maltose and oligosaccharides. Glucose was analysed by a standard enzymatic technique [15] . Maltose and oligosaccharides were analysed together as glucose after acid hydrolysis with a half volume of 10 mol/1 HCI for 2 h at 75 o C followed by neutralisation with NaOH. We have shown that after this treatment, 97% of a 5 mmol/1 maltose solution could be accounted for as glucose.
Tests on instant mashed potatoes, soya beans, lentils and wholemeal bread were repeated on six separate occasions and the means taken. The other foods were tested on a single occasion in batches of five and an additional potato test was also run with each batch to ensure that there was no inter-batch variation.
Further tests were undertaken with all foods using saliva and jejunal juice after inactivation of the digestive enzymes by boiling so that allowance could be made for free sugars already in the foods or the Lundh juice. Results are given for free glucose and total sugars and oligosaccharides, i. e. maltose, maltotriose and o~ -limit dextrins, measured as glucose after acid hydrolysis, which were liberated into the dialysate during the digestion of the foods in vitro.
In this series, when the digestive juices alone were added to the water in the dialysis bags, the mean 1 and 5 h dialysate values were: pre-hydrolysis: 0.94 retool/1 (1 h) and 1.94 mmol/1 (5 h) and posthydrolysis: 0.74 mmol/l (1 h) and 1.68 mmol/1 (5 h). The individual figures from which these means were derived were used in calculating the concentration of sugars and oligosaccharides, as glucose, liberated into the dialysate during digestion (SO): 
where DJB is boiled digestive juice.
In addition, 3 mmol of either glucose or maltose was substituted for the enzyme solutions in the dialysis bags to allow the potential trapping of sugars by the foods to be measured. The percentage trapped, T, was measured for both glucose and maltose using the equation:
T = 100 (1 -[F +
where [F + S] and [S] are the concentrations of either glucose or maltose surrounding the dialysis bag containing either the sugar solution and the food, F + S, or the sugar solution alone, S. The proportion trapped together with the value for the carbohydrate liberated into the dialysate by enzymatic digestion allowed the total amount of starch digested to be estimated. 
Testing in Vivo
As reported previously [14] , groups of five to ten healthy volunteers drawn from a pool of 17 (eight males, nine females; mean age: 28 _+ 2 years; mean ideal body weight: 105 + 3%), took 14 foods in random order after overnight fasts. These were compared with an equivalent amount of carbohydrate taken as glucose. The foods were given as 50 g carbohydrate portions as calculated from standard food tables [16] . Foods were prepared in an identical fashion to those used for testing in vitro. To increase palatability, all meals included tea made with one tea bag and 50 ml milk so that the total volume of the meal was at least 600 ml ( Table 1 ). The porridge was taken with 300 ml milk. Skinned, pipped tomato (120 g) was added to the spaghetti, rice, bread, millet, buckwheat and legumes. At least one 50 g glucose tolerance test (GTI') was taken by each subject. The glucose was taken in 550 ml tea and 50 ml milk, except for the GTI" to be compared with porridge where 50 g glucose was taken in 250 ml tea and 350 ml milk. Those individuals who tested more than three foods took another 50 g GTT for every additional three to four foods tested. Meals and GTT's were taken over 10 or 15 min at set times in the morning after standard activity and meals on the previous day. Finger prick blood samples were obtained with Autolet lancets (Owen Mumford, Woodstock, Oxon, UK) at 0,15, 30, 45, 60, 90 and 120 min from hands warmed between electric blankets to ensure good blood flow. Blood samples were collected into tubes containing 83 gg sodium fluoride and 250 tag potassium oxalate, and stored on crushed ice or frozen at -20 ~ C before analysis for glucose by a glucose oxidase method (Yellow Springs Instruments, 23AM glucose analyser) [18] .
Results are given as mean ___ SEM. The area under the 2-h glucose curve was expressed as a percentage of the appropriate mean GTT value and defined as the glycaemic index (ie. glycaemic index = food glucose area x 100). The significance of the percent50g GTT glucose area age reduction in glucose area for each food was calculated using Student's t-test. 
Results
Studies in vitro:
When the results were calculated as the difference in dialysate values after food plus digestive juices and after digestive juices alone, the mean dialysate carbohydrate concentration for all 14 foods (measured as glucose after hydrolysis) increased from 0.88 mmol/1 at I h to 3.91 mmol/1 at 5 h (Table 2 ). This represented digestion of 27% of the original 2 g carbohydrate portions used. Only 0.46 mmol/1 (12%) could be accounted for as glucose (Table 2 ) and the remaining 88% must therefore be made up of maltose, maltitriose and ~ -limit dextrins. If the carbohydrate liberated was calculated from the difference in dialysate values between the food with unboiled and the food with boiled (inactivated) digestive juice, then higher values were obtained at least for glucose (Table 2 ). This can be explained by the ability of the foods to trap added glucose and maltose (Table 3) . Glucose, already present in the Lundh juice, was trapped by the food. This produced artificially low values for the carbohydrate liberated by digestion if calculated without using the value for the boiled digestive juice and food mixture as the blank.
There was a highly significant mean trapping effect by the 14 foods for both glucose (28 _+ 3%, p < 0.001) and maltose (19 _+ 6%,p < 0.01; Table 3 ). The lower mean value for maltose trapping was due largely to the apparent negative trapping action of sweet potatoes and bread (Table 3) . They produced this effect due to the liberation of their own free sugars and so made it impossible to assess the proportion of added maltose trapped in this system. Nevertheless, for the majority of the other foods, the glucose was similar to the maltose trapping factor.
Using the trapping factors for glucose and maltose, the total amount of carbohydrate digested, including both that appearing in the dialysate and that digested but trapped within the dialysis bag, was 9% at 1 h and 36% at 5 h. As already mentioned, the values for bread and sweet potatoes are likely to be underestimates.
Of the individual foods, the leguminous seeds were different from the eight grain products in liberating significantly less carbohydrate, measured as glucose, into the dialysate both at I h by 63% (p < 0.01) and 5 h by 56% (p < 0.01). In addition, the estimated total carbohydrate digested was 43% less than the grains at 5 h (p < 0.01).
Studies in vivo:
The blood glucose data have been reported more fully elsewhere [14] . Table 4 shows the mean glucose area of the foods, the mean 50 g GTF glucose area of the subjects who tested the food and the glycaemic index. All the foods, except instant mashed potato, produced significantly smaller blood glucose responses than did glucose itself(mean: 52 _+ 5%,p < 0.001). Again, the mean value for the legumes as a class was significantly below the grains (49%, p < 0.01) being 30% that of glucose.
Relationship of findings in vitro to in vivo:
Both the amount of substrate liberated at 1 and 5 h (Fig. 1) and the percentage of carbohydrate digested related significantly to glycaemic index (r = 0.8627 and 0.8618, p < 0.001, and 0.702 and 0.739,p < 0.01, respectively). There were also relationships of lesser significance between the glycaemic index and the glucose trapping effect (r = 0.5558,p < 0.05), between the glycaemic index and the dietary fibre content of the food (r = 0.6198, p < 0.02) and between glucose trapping and dietary fibre (r = 0.5952, p < 0.05).
Discussion
Recent interest in gastrointestinal factors which influence the post-prandial rise in peripheral blood glucose has emphasized the importance of the rate of gastric emptying [11, 12, 19] . The viscous forms of dietary fibre, guar and pectin, have been shown to flatten the blood glucose response following oral glucose tolerance tests [20] , and it has been suggested that the effect of these substances is the direct result of their ability to decrease the rate of gastric emptying [11, 12, 19] .
Nevertheless, indirect evidence involving alteration of food form [21, 22] and more recently direct evidence from studies on gastrointestinal motility [23] and absorption [24, 25] indicate that small intestinal events may be of major importance in determining the glycaemic response to a food.
The current studies show that different carbohydrate foods also vary in the rate at which they release their products of digestion and that the rate of digestion bears a significant relationship to the degree to which they raise the blood glucose. Whether this is due to the nature of the food carbohydrate source is not clear. It has been maintained by Dahlqvist and Borgstrom that digestion by o~-amylase is not ratelimiting for absorption in vivo [26] . Both salivary and pancreatic juice contain two enzymes capable of splitting the 1,4 linkages of starch [27] . Thus, amylose, the straight chain (~: -1,4 glucose polymer) component of starch is broken down predominantly to maltose and maltotriose and a small amount of glucose, while amylopectin, the branched chain starch, containing 1, 6 glucose linkages, is also broken down into oligo-1, 6-glycosides consisting of 4 glucose units or more (~: -limit dextrins). These sugars and oligosaccharides are then available for hydrolysis by the brush border enzymes and are absorbed as glucose. In the system used here, sugars and oligosaccharides smaller than the mean pore diameter (24 A) will diffuse through the dialysis membrane to be measured as the products of carbohydrate digestion.
Attention has been drawn to the proportion of carbohydrate liberated as glucose during digestion. A smaller proportion of glucose in the dialysate might have indicated a more branched starch molecule and it has been suggested that this could be a factor in reducing the rate of digestion. However, no relation was seen here between the percentage of carbohydrate liberated as glucose and the total amount of carbohydrate digested in 5 h.
There was a significant relationship between glucose trapping by the food and the percentage carbohydrate digested at 5 h (r = 0.6176 p < 0.02). Trapping was most marked in the case ofsoya beans which could slow the outward diffusion of sugars from within the dialysis bag by as much as 50%-60% ( Table 2) .
The legumes were remarkably slow in liberating their carbohydrate products of digestion. Although in the case of soya beans this may in part have been due to the trapping of sugars, it is also possible that some foods (beans in particular), may contain inhibitors of carbohydrate digestion. An inhibitor of amylase activity has been isolated both from wheat [28] and from beans [29] and, though most is destroyed by cooking, some activity may have remained in the leguminous seeds.
Many factors may therefore influence the initial digestion of foods. Once digested, 75% of the resulting sugars have been shown to be absorbed in the proximal 70 cm of small intestine [27] . Assuming a small intestinal length of 6-7 m, this may allow very efficient digestion and absorption of even relatively slowly absorbed foods. Such differences in rate of digestion are indicated in this study where at 5 h as much as 50% to as little as 4% of the food were digested in vitro.
Not only may the slow release of substrate in the gastrointestinal tract be beneficial to those with impaired carbohydrate handling in allowing uptake of glucose without elevating peripheral blood levels but, depending on where in the small intestine the substrate is absorbed, it may also provoke a very different gut endocrine response. This in turn may result in the long term adaptive changes associated with a progressive improvement in glucose tolerance and insulin requirement as seen in both normal [30] and diabetic subjects [2, 3, 9] taking fibre supplements or high fibre diets.
It is not suggested that the rate of digestion of a food is the only factor likely to affect the peripheral blood glucose profile. Many carbohydrate foods contain free sugars which are liberated readily without digestion. It has been suggested that sugars form about 30% of carbohydrate intake in a Western diet and constitute 15% of the glucose units absorbed [27] . This point is illustrated by sweet potatoes which by 5 h liberated 4.3 mmol/1 carbohydrate (estimated as glucose, Table 3 ), of which 43% was produced by enzymatic digestion and 57% was liberated non-enzymatically. This large non-enzymatic liberation of sugars results from the fact that only 55% of the carbohydrate in sweet potato is starch, the rest is accounted for as free sugars [31] .
We conclude that there is likely to be a positive relationship between the rate at which foods liberate their products of digestion and the degree to which they raise the blood glucose. This in turn may depend on the nature of the starch, the dietary fibre, protein and fat content, the presence of possible inhibitors of enzyme action and the availability of free sugars in the food.
The finding that the leguminous seeds were digested more slowly than the other foods is in agreement with the flatter blood glucose curves seen in studies in vivo [32, 33] . These findings add further support to the concept that leguminous seeds may be of use in the diets of diabetic and hypertriglyceridaemic individuals where it is desirable to reduce post-prandial glycaemia. Further testing in vitro may allow identification of other classes of foods and food constituents which are most useful in this respect.
